Chromium(VI) is a priority pollutant in soils and wastewaters and reduction of Cr(VI) to Cr(III) is a solution to this problem. In this study a low-cost method was proposed to adapt indigenous bacteria and use them to reduce Cr(VI) in solutions. The experiment results show that Cr(VI) could be efficiently reduced by indigenous bacteria under anaerobic and pH-unadjusted conditions.
control the chromium redox. Microbial activity bears Cr(VI) cycling indirectly because of the effects from redox of Fe and S (Fendorf et al. 2000) . At the same time, many bacteria were found to couple the reduction of Fe (III) and S(0) to the oxidation of H 2 or organic compounds (Lovley 1993; Tan et al. 2002) . Fe(III) could accelerate microbial Cr(VI) reduction but not all kinds of Fe(III) were useful. Hematite could not make a contribution to the Cr(VI) reduction (Xu et al. 2005) . For organic ligands, Fe(III)-stabilising ligands could accelerate the reaction while Fe(II)-stabilising ligands did the reverse (Buerge & Hug 1998) .
Many researchers found that most microorganisms did not have apparent relations to energy metabolism and it was a strategy of detoxification (Francisco et al. 2002; Viti et al. 2003) . But some bacteria could get and conserve requisite energy from Cr(VI) reduction with Cr(VI) as an electron acceptor (Tebo & Obraztsova 1998) . In some cases, products of biological reduction of Cr(VI), such as Fe 2 þ and S 22 , could react with Cr(VI) and played an important role in the whole reaction because of their rapid rates in chemical reactions and their Cr-containing precipitate (Fendorf et al. 2000; Kim et al. 2001; Cummings et al. 2007) .
Most researches use purebred microorganisms which are predominant in Cr(VI) reduction, but these methods are always costly and difficult for industrial applications because of microorganism's singularity and wastewater's complexity. In this article, indigenous flora were adapted and utilised to reduce Cr(VI) and their reduction potential and mechanism were investigated.
MATERIALS AND METHODS

Material characterisations
After desiccation at 1208C for 2 h, analytical-reagent K 2 Cr 2 O 7 was used to prepare Cr(VI) aqueous solution.
In all experiments, distilled water was used. Iron ores used in the experiments were obtained from Hangzhou Weimin Geologic Sample Factory in Yuhang, Zhejiang Province.
That factory collected iron ores respectively in Shanggao, Jiangxi Province and Longyou, Zhejiang Province and so on. After being ground in a vibrating mill and sieved separately, the samples were divided into two parts:
, 200 mesh and . 200 mesh, in which the former were then used in experiments without any other treatment. All the other chemicals were analytical reagents and used as obtained.
Preparation of solutions
The Cr(VI) stock solution with concentration of 1 g/L was prepared by dissolving 2.829 g potassium dichromate (K 2 Cr 2 O 7 ) in 1,000 mL distilled water. The Cr(VI) solutions of 5 , 30 mg/L (working concentration) were prepared by suitable serial dilution of the stock solution.
Adaptation of indigenous bacteria
The microorganisms used in this research were derived from anaerobic sludge from Sibao Sewage Treatment Plant in Hangzhou, capital of Zhejiang Province in China.
To prepare the consortium as inocula for the experiments, in a 2 L flask 100 mL initial sludge sediment from the plant was mixed with 500 mL basal medium and K 2 Cr 2 O 7 aqueous solution which resulted in 1 mg/L Cr(VI) in the system. After being sparged by nitrogen the flask was placed and Cr(VI) concentration of the solution was determined every day or every other day. As the amount of bacteria increased gradually, volume of medium and initial concentration of Cr(VI) were augmented at the same time. After a month the system was moved into a plastic cask with 5 L medium and initial Cr(VI) concentration of 100 mg/L which could be reduced to below 0.05 mg/L in 3 days.
Then the inocula could be used in the following experiments to investigate microbial reduction of Cr(VI). Because experiments were operated in different periods and the bacteria were not purebred, there were differences in the same operation condition unavoidably. 
Preparation of samples in batch experiments
Initial cultures were taken out from the plastic cask and then centrifuged at 3,000 rpm for 10 min. The samples of viscous centrifugates were displaced into 250 mL flasks which contained 40 mL basal medium and some Cr(VI) stock solution (the quantity was on the basis of the experiments). The final volume was fixed to 200 mL with distilled water. Oxygen was removed from the solutions by sparging nitrogen for approximately 1 min, and then the flasks were put into a constant temperature shaker (Yiheng THZ-98A, Shanghai).
Analytical methods
All the samples taken out from the flasks in the experiments were filtered by F25 mm, aperture 0.45 mm filter membranes before analysis. Solution pH was determined by indicator paper. Cr(VI) concentration was measured at 540 nm by the 2-diphenylcarbazide spectrophotometric method (Clesceri et al. 1999 ) in a UV-VIS spectrophotometer (Puxitongyong TU-1800PC, Beijing). Fe(II) concentration was measured at 510 nm by the phenanthroline spectrophotometric method (Clesceri et al. 1999) in the same apparatus. Total chromium and iron in liquid phase were determined by flame atomic absorption spectrophotometer (Shimadzu AA6300, Japan).
The concentration of Cr(III) was calculated from the difference between that of total chromium and hexavalent chromium. Each sample was detected three times to get an average value.
RESULTS AND DISCUSSION
Adaptation of indigenous bacteria under different temperatures
In the period of adaptation, initial Cr(VI) concentration was increased gradually with capability improving of microbial Cr(VI) reduction under different temperatures. K 2 Cr 2 O 7 was added into the casks when Cr(VI) was reduced completely (Figure 1(a) ). After a month two adaptation systems were moved into two plastic casks with 5 L medium. In the casks the Cr(VI) initial concentrations were increased to a great extent to 100 mg/L (culture(I)) and 50 mg/L (culture(II)) at 791 h, i.e. beginning of the test period. They could be rapidly reduced to under 0.50 mg/L in 3 days and their reaction rates were more rapid than before. The slopes of two curves approached each other. Improved Cr(VI) reduction ability and incremental quantity of bacteria may be the reasons for rapid reactions. It demonstrated that the startup period was completed and the cultures were ready for full operation.
Two ESEM images of bacteria are shown in Figure 1 (b,c) which were sampled by Philips-XL30ESEM, at Acc. V 20.0 kv, Spot 3.0, Magn 2,500 £ . Figure 1(b,c) show the configuration of bacteria before and after domestication.
Bacilli were dominant in Figure 1 (c) while all kinds of bacteria existed in Figure 1(b) . It demonstrated that domestication was effective and the bacteria competed with other species during this period and had reached equilibrium in the system.
Reduction of Cr(VI) to Cr(III) by bacteria
Microbial reduction of Cr(VI) to Cr(III) was studied under four different conditions: live bacteria with media and without media, heat-killed bacteria with media, media only (Figure 2(a) ). Heat-killed bacteria were obtained by boiling for 3 h. Figure 2 Bacteria could be used repeatedly to reduce Cr(VI) with its reaction rate holding the line or even higher. Figure 2(b) shows the reactions of adding Cr(VI) two times successively to the same reactor. At the first time initial Cr(VI) concentration of the solution was 10 mg/L and was reduced to 1.12 mg/L after about 25 h. At the second time initial Cr(VI) concentration was 21.74 mg/L and was reduced to below 0.5 mg/L after about 24 h. The two curves were almost parallel in the first 3 h but in fact the second curve had more rapid reaction rate, especially after 3 h reaction.
Transformation of Cr(VI)
In experiments, Cr(VI) could be entirely removed from solutions and its concentration did not have discernable difference between filtered and unfiltered samples. It means that Cr(VI) did not become substance which loosely attached to bacteria so that Cr(VI) could not be removed by filtration. After reduction reaction of Cr(VI), the bacteria and the solution were all taken out and their total volume was measured. Then it was boiled in a beaker by an electric cooker for 40 minutes and distilled water was added into the solution to make its volume the same as that before and Cr(III) was partly left in solution and partly became new matter in bacteria.
Enzyme catalysis proof of Cr(VI) reduction by bacteria
Heat-killed bacteria still had the ability to remove Cr(VI) in solution (Figure 2(a) ), but could not reduce Cr(VI) completely after adding Cr(VI) again. It means that heatkilled bacteria could just adsorb Cr(VI) but could not reduce it entirely. It perhaps indicates that bacterial cells are responsible for Cr(VI) reduction, but indeed there may be two presumptions: heat treatment destroyed the cells and possibly some unidentified heat-labile reductant was destroyed at the same time, such as enzymatic proteins.
In order to affirm the real reasons, HgCl 2 was used in experiments to destroy proteins (Figure 3) . Figure 3 shows that Cr(VI) reduction ability of bacteria decreased obviously after adding HgCl 2 , and HgCl 2 scarcely had any influence on Cr(VI) concentration. The results demonstrate that HgCl 2 has destroyed extracellular enzymes and the microbial reduction of Cr(VI) is an enzyme-catalysis reaction.
Effect of pH
The influence of pH was obvious (Figure 4) . The most suitable condition was around neutral, and in acidic conditions it still had good reduction ability. But in alkaline conditions the microbial reduction ability decline was in evidence.
Effect of iron ores
Iron ores could accelerate microbial reduction of Cr(VI). Figure 5 reduction ability of Cr(VI) in 2 h was 1.82 mg/2 g bacteria, just as shown in Figure 5(b) . Therefore, 2 g bacteria plus 0.2 g different iron ores mentioned before should reduce 1.92 mg, 1.88 mg, 1.87 mg, 1.85 mg, 1.82 mg Cr(VI) respectively, but reaction of 2 g bacteria with 0.2 g different iron ores shows that the reaction containing limonite could reduce 1.98 mg Cr(VI) and the other four reactions could reduce 2 mg Cr(VI) in 2 h ( Figure 5(b) ). All the reaction results were better than the calculated results. Accordingly, we could conclude that addition of iron ores could accelerate microbial reduction of Cr(VI) and the reasons perhaps are that bacteria could attach to iron ores and were easily able to form steady zoogloea on ore surfaces. Furthermore, Fe in iron ores might transfer electrons during reaction and made another reaction track available ( Figure 6) .
A hypothetical theory is proposed in Figure 6 , which demonstrates that Cr(VI) could be reduced to Cr(III) by bacteria(I) or by Fe(II) in iron ores which is oxidised to Fe(III) after reaction, and Fe(III) is deoxidised to Fe(II) by bacteria(II) and then forms a circle containing Fe(II) and Fe(III).
Energy and electron transformation in Cr(VI) reduction
It was similar in reaction rates and final concentrations of Cr(VI) in reduction of Cr(VI) by bacteria with or without media (Figure 2(a) ), which means that media has little effect on reduction in a short time. Consequently, it suggests that microbial reduction of Cr(VI) might not be an energyconserving process. We could hypothesise that energy was first transferred to bacteria and stored in some intracellular matters which were accumulated in bacteria during the reaction. And then, the intracellular matters started the reaction of Cr(VI) reduction. Energy was firstly used to form these intracellular matters which could reduce Cr(VI) as electron donors rather than creating new cells.
In order to test this hypothesis, bacteria were starved for a month to run out of all the energy deposited in some compounds in bacteria. The results show that the bacteria could not reduce Cr(VI) directly after starving. But other experiments show that they could recover the ability of Cr(VI) reduction shortly after media was added in.
One hour after beginning of reaction, bacteria(I) which were added in media could reduce Cr(VI) from 10 mg/L to 4.87 mg/L while bacteria(II) without media could only reduce it to 8.88 mg/L. After 2 days, concentration of Cr(VI) treated by bacteria(I) could reach 0.53 mg/L while that by bacteria(I) could just get to 8.09 mg/L. It demonstrates that Cr(VI) reduction is assuredly not an energy-conserving process but a detoxification mechanism. 
